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ABSTRACT 

Aims. Fermi can measure the spectral properties of gamma-ray bursts over a very large energy range and is opening a new window 
on the prompt emission of these energetic events. Localizations by the instruments on Fermi in combination with follow-up by Swift 
provide accurate positions for observations at longer wavelengths leading to the determination of redshifts, the true energy budget, 
host galaxy properties and facilitate comparison with pre-Fermi bursts. 

Methods. Multi-wavelength follow-up observations were performed on the afterglows of four bursts with high energy emission de- 
tected by Fermi/LAT : GRB 090323, GRB 090328, GRB 090510 and GRB 090902B. They were obtained in the optical/near-infrared 
bands with GROND mounted at the MPG/ESO 2.2 m telescope and additionally of GRB 090323 in the optical with the 2 m telescope 
in Tautenburg, Germany. Three of the events are classified as long bursts while GRB 090510 is a well localized short GRB with GeV 
emission. In addition, host galaxies were detected for three of the four bursts. Spectroscopic follow-up was initiated with the VLT for 
GRB 090328 and GRB 090510. 

Results. The afterglow observations in 7 bands are presented for all bursts and their host galaxies are investigated. Knowledge of 
the distance and the local dust extinction enables comparison of the afterglows of LAT-detected GRBs with the general sample. The 
spectroscopic redshifts of GRB 090328 and GRB 090510 were determined to be z = 0.7354 ± 0.0003 and z = 0.903 ± 0.001 and dust 
corrected star-formation rates of 4.8 M© yr"' and 0.60 M© yr"' were derived for their host galaxies, respectively. 
Conclusions. The afterglows of long bursts exhibit power-law decay indices (a) from less than 1 to ~2.3 and spectral indices (fiopt) 
values from 0.65 to ~ 1.2 which are fairly standard for GRB afterglows. Constraints are placed on the jet half opening angles of < 2.1° 
to > 6.4°, which allows limits to be placed on the beaming corrected energies. These range from < 5 x 10'" erg to the one of the highest 
values ever recorded, > 2.2 x 10'- erg for GRB 090902B, and are not consistent with a standard candle. The extremely energetic long 
Fermi bursts have optical afterglows which lie in the top half of the brightness distribution of all optical afterglows detected in the 
Swift era or even in the top 5 % if incompleteness is considered. The properties of the host galaxies of these LAT detected bursts in 
terms of extinction, star formation rates and masses do not appear to differ from previous samples. 

Key words, gamma rays: bursts, GRB 090323, GRB 090328, GRB 090510, GRB 090902B 



^ , 1. Introduction scopic redshift me asurements of a large sample of GRBs (e.g., 

'Fvn bo et"aD 2009h and investigatio n of their host galaxies (e.g., 



The follow-up of gamma-ray burs ts (GRBs) detected by the Savadio et al.ll2009t iPerlev et all l2009b.) . To date distances 

H ; Swift satelUte dGehrels et al.| |2004|) has led to the determina- to ~ 200 GRB sources have been establi shed with redshifts 

F^. , tion of the distance scale for a large sample of bursts. The ranging from z = 0.0085 (GRB 980425: 'Tinnev et al.' "W^ 

Burst Alert Telescope (BAT, Barthelmy et al.) |2005|) is sensi- Qala ma et al., 1998) to z ~ 8.2 (GRB090423: Tanvir et al. 20o|; 

tive in the energy range 15-150 keV and has good local- Salvatena.etalj2Q09|). The BAT has a naiTow spectral range and 

ization capabilities with typical uncertainties in the arcminute not able to determine the spectral parameters of the prompt 

range. Rapid foll ow-up by Swift's na iTow field instruments in emission of GRBs over a broad energy ran ge. Since the launch 

the X-rays (XRT, Burrows et al.||2005) and optical/UV (UVOT, of the Fermi Gamma-Ray Space Telescope dAtwood et al.'T994l: 

LRoming et al. 2005) have lead to the ai'csecond localizations Michelson 1996) there is now the possibility to investigate the 

required for ground-based observers and in turn to spectro- specti'um over seven decades in energy. These events can be 

localized by instruments from Fermi and followed up by Swift 

* Based on observations made with the ESO Telescopes at the and ground-based obervatories, enabling investigation of their 

La Silla Paranal Observatories under programme ID 083.D-0903 and afterglows and host properties and facilitating comparison to 

283.D-5059, the MPG/ESO 2.2 m Telescope at La Silla Observatory a general sample. In some fortuitous cases instruments on the 

and the Schmidt telescope of the Thuringer Landessternwarte Fermi and Swift satelUtes may trigger on the same event with 
Tautenburg. 
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high-energy emission enabling both rapid follow-up and broad- 
band prompt emission coverage (e.g. GRB 090510, see Section 
2.3). The high-energy spectral properties of GRBs were investi- 
gated previously by instruments on-board the Compton Gamma- 
ray Observatory, however the redshifts of these events are un- 
known. The spectra of these GRBs were described by an extrap- 
olation of the low energy spectra to energies >100 MeV (e.g., 
[Hanlonetal. 1994), and in some cases an additional compo- 
nent at high-energies (iGonzalez et al.l 20031: iKaneko et al.ll2008l) 
and long-lived GeV emission (iHurlev et al. Il995h . Recently a 
photometric redshift of z = l -8^0 3 was reported bv iRossi et al.l 
(2008) for GRB 080514B which was detected at energi es up to 
300 M eV by instruments on the AGILE satellite (Giuliani et alJ 
l2008h . 

Fermi hosts two instruments that detect GRBs: the Gamma- 
ray Burst Monitor (GBM: Meegan et al. 2009) sensitive to pho- 
tons from ~8 keV to ~40 MeV, and the Large Area Telescope 
with a spectral cove rage from ~ 30 MeV to ~100 GeV (LAT: 
lAtwood et al.l l200"9l) . Together they provide valuable informa- 
tion on the spectral properties of the prompt emission (e.g. 
lAbdo et al. 2009a b.c.d), the presence or absence of intrinsic 
spectral cut-offs or those due to the optical depth of the universe 
to high-energy y-rays due to pair production on infrared diffuse 
Extragalactic Backgro u nd Light (e.g.Jde J ager & Stecke rll200' 



Metcalfe et al. 2003; Kneiske et al. 2004; Kashlinskv et al.' 
2005; Stecker et al. 2006; Franceschini et al 2008; Finke et aL 
2OO9I: [Abdo et al. 2009c) and tes t for quantum grav i ty ef- 
fects (e.g Amel ino-Camelia et al.' '1998t 'Scargle et al j l2008t 



[Mattinglvl l2005l: lAmelino-Camelia & Smolin 2009; Ab do et alj 
r2009 d a). 

Up to the end of January 2010, fourteen GRBs have 
been detected by b oth instruments and l ocalized by the LAT 
: GRB 080825C ("Bouvi er et all 120 08^. 'Ab do et al.l l2009bh 
GRB 0809 16C (Abdo et al.ll2009dl) .'GRB 081024B dOmodeil 
120081). GRB 08121 4 dWilson-Ho dge et al. 2008), GRB 090217 
(lOhno et al.l l200 8|), GRB 090 323 (Ohn oetaL ,2009.). GRB 



09032 8 (McEnerv etal]l2009bh . GRB 0905 10 dOhno & Pelassal 



l2009t [Abdo et al. '20Q9A GRB 090626 ("Piron et al.' l2009h . 
GRB 090902B (de Palma et al. 2009b; Abdo et al. 2009c), GRB 
090926A dBi ssaldi 2009|; lUehara et al.1 120091). GRB 091003 



dMcEnervetaL,2009ai). GRB 91031 (iPalma et alJl2009,) . and 
GRB 1001 16A dMcEnerv et all I2OIOI) . Twelve are long dura- 
tion GRBs and two have reported durations compatible with 
the short burst class (GRBs 081024B and 090510). The red- 



from z = 0.736 to z = 4.35 + 0.15 ( 


Greiner et al. 


2009a 


UDdike et alJ 2009bl Chornock et alJ 2009 


; ICenko et al. 


2009a 


Rau et alJ 2009bl Cucchiara et al.ll2009l: Malesani et alj|2009h. 



Amon g the most impres sive of these event s are GRB 
0809 1 6C IXbdo et al.1 l2009dl) and GRB 090510 dAbdo et alJ 
I2009 al). GRB 080916C is a long bright GRB for which the 
prompt emission spectrum could be fit o ver six deca des in en- 
ergy by the empirical Band function (see lAbdo e t al. 2009d. for 
detailed results). The burst was found to have a high photometric 
redshi ft of z = 4.35 + 0.15 via ground-based follow up observa- 
tions dGreineretalJl2009ah . The distance information enabled 
the determination of the rest frame properties, energetics, and 
the placing of lower li mits on the bulk Lorentz factor of the out - 
flow (> 900 - 1100) ( Abdo et al.ll2009dL iGreiner et al.ll2009ah . 
GRB 090510 is a short burst w ith a T90 of 2.1 s an d from which 
a 31 GeV photon was detected ( Abdo et alJ2009ah . The distance 
determination ( Rau et al. 2009b) and high e nergy emission allow 
a limit to be placed on photon dispersion dAbdo et al.ll2009£ih . 
Moreover, very recently a 33 GeV photon was detected from 



GRB 090 902B dAbdo et alJl2009ch and this burst is at redshift 
z = 1 .822 dCucchiara et al.ll2009l) . Clearly, the distance determi- 
nation via optical spectroscopy is crucial to the interpretation of 
these events. 

We report on the optical and near-infrared (NIR) observa- 
tions of the afterglow of four bursts with high energy emission, 
GRB 090323, GRB 090328, GRB 090510 and GRB090902B 
and compare them to the sample of GRB afterglows to date. 
Furthermore we also report on the spectroscopic redshift deter- 
mination for GRB 090328 and GRB 090510. Throughout the 
paper, we adopt concordance ACDM cosmology (Q.m - 0.27, 
Q.\ = 0.73, Ho -71 km/s/Mpc), and the convention that the flux 
density of the GRB afterglow can be described as Fy{t) oc v'^r" 



2. Observations 

2.1. GRB 090323 

At 00:02:42.63 UT on 23 March 2009, Fermi GBM trig gered 
and located the long burst GRB 090323 (I Phno et alJl200 9). An 
excess of 5 cr was detected by the LAT and the burst was lo- 
calized to R.A.(J2000), decl.(J2000)=190.69, -H17.08 degrees 
with a 68% containment radius of 0.09°. Furthermore, it was 
reporte d that emission c ontinued up to a few kiloseconds post 
trigger dOhno et an i2009). A triangulation by the Inter Planetary 
Network localized the burst to an arc which intersected the GBM 
and LAT positions (iHurlev et alJ2 009). Swift carried out a Target 
of Opportunity observatio n ~ 19 hours post burst and a fad- 
ing a ft erglow was f: o und dKennea et aP l2009at iPerri & Strattal 
I2009h . lUpdike et alj d2009b|) observed the position of the X- 
ray afterglow with the Gamma-ray Burst Optical/Near-infrared 
Detector (GROND) in 7 bands ~ 27 hours after the burst and 
detected a source for which they reported a p reliminary photo- 
metric redshift of 4.0 + 0.3 (see below). Chor nock et al.1 ho09h 
reported a spectroscopic redshift of z = 3.57 based on obser- 
vations of the optical afterglow using the Gemini Multi-Object 
Spectrograph (GMOS) mounted on the Gemini S outh Telescope. 
The GRB was also detected in the radio band dHarrison et al.l 
I2OO9I Ivan der H orst 2009). 

Using the reported spe ctral parameters dBissaldi et alJlToiOh 
and a redshift of z = 3.57 (Chor nock et al.H2009l) is 4.1 x 
10^"* erg in the 1 keV to 10 MeV range, or 5.1 x 10^"* erg in the 
1 keV to 10 GeV range with a restframe peak energy of 2.7 + 
0.2 MeV. The fiy iso is one of the highest ever measured even 
rivals GRB 0809 16C for the most energetic GRB. 

The field of GRB 090323 was observed simultaneously 
in 7 bands (g'r'i'z'JHKs ) by GROND, mounted at the 
2.2 m MPG/ESO t elescope at La Silla Observatory, Chile 
dGreiner et al ] I2OO8I) and using the Schmidt-camera at the 
Alfred-Jensch telescope of the Thiiringer Landessternwarte 
Tautenburg (TLS), Germany. GROND and TLS observa- 
tions started on 24th March 2009, 27 hou rs and 45 hours 
after th e GBM trigger, respectively (Updi ke et all |2009bt 
iKann et a l. 2009c). Observations continued in the upcoming 
nights dKann et all l2009dllbh and the last GROND epoch was 
obtained ~ 100 days after Tq. The best optical position of the 
afterglow measured in the r' band against the SDSS catalogue is 
R.A.(J2000)=12:42:50.28, decl.(J2000)=+17:03:11.9 with sys- 
tematic and statistical uncertainties of (J.'l in each coordinate. A 
finding chart of the afterglow is shown in Fig.[T] 
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Fig. 1. GROND finding chart for the afterglow of GRB 090323. 
The main panel shows the field of GRB 090323 taken 3.5 days 
post burst. The field shown has 4'x 4', where North is up and 
East is to the left. The afterglow position is indicated with two 
lines in each image. The inset in the top left shows a zoom into 
the afterglow region at the earliest epoch, where the afterglow 
was still bright. All images are /' band, except the host image (r', 
top right inset), which is also enhanced in contrast for demon- 
stration purposes. 
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Fig. 2. GROND finding chart for the afterglow of GRB 090328. 
The main panel shows the field of GRB 090328 taken 1.5 days 
post burst. The field shown has 4'x 4', where North is up and 
East is to the left. The inset in the top left shows a zoom into 
the afterglow region at the same epoch, where the afterglow is 
indicated with two lines. The inset on the top right contains a 
15"xl5"region and shows a host image taken 10 days post burst. 
The afterglow position is shown by a small white circle of radius 
0'.'3. All images are in the /' band. 



2.2. GRB 090328 

At 09:36:46 UT on 28 March 2009, Fermi GBM triggered and 
located a long burst GRB 090328. The event was significantly 
detected up to a few GeV at the 5 cr level by the ferwi/LAT and 
was localized to R.A.(J2000), decl.(J2000)^90 .87, -41.95 wit h 
a 68% containment radius of 0.11 deg (McEnerv et al.ll2009bl) . 
The emission in the L AT was repor t ed to last until about 900 
seconds post trigger by ICutini et al] ( l2009h . A Swift Target of 
Opportunity observation was init iated and XR T observations 
commenced ~16 hours post burst (lKenneall2009) and X-ray and 
bright U V/optical after g low ca ndid ates were sub sequently re- 
ported bv lKennea et al.1 (l2009bl) and lOatesI (l2009h . A specti-um 
of the optical afterglow was taken with the GMOS instrument 
mounted on the Gemini South Telescope (Cenkoetal. 2009a) 
and the redshift was reported to be z - 0.736. Further photo- 
metric observations of the afterglow were reported in the optical 
(Allen et al. 2009) and optical/NIR with GROND (Updike et al 
2009al see below) and additionally in the radio band (IFrail et al. 
2009r 

The time averaged spectrum (Tq 4- 3.1 to To + 29.7 s) of the 
prompt emission was reported by GBM to be best fit by a Band 
function with indices a = -0.93 + 0.02 and jS = -2.2 + 0.1, 
a peak energy of fipeak = 653 + 45 keV with an event fluence 
of (9.5 ± 1.0) x l O'^ erg/cm^ in the 8 keV to 40 MeV band 
dRau et alj2009ah . lBissaldi et alj (|2010|) report that the specti-um 
(To -I- to To -H 66.6 s) is best fit by a power-law with exponen- 
tial cut off. The index of the power-law is - 1 .07 ± 0.02 and the 
peak energy is 144'^^^^ keV. At a redshift of 0.736 , these spectral 
parameters correspond to fiy.iso in the 1 keV to 10 MeV range of 



1.0 X 10^^^ erg and 1.0 x 10" erg in the 1 keV to 10 GeV band 
with a restframe peak energy of E^^^^.^ = ^--^-o os M^^^- 

Optical/NIR follow-up observations by GROND started 1.6 
days post trigger The afterglow was detected in all seven bands 
consistent with the reported redshift (Updi ke et al.l2009ah . In ad- 
dition, GROND imaged the field of GRB 090328 at 2.5, 3.5, 
4.5, 6.5 and 1 1.5 days after the trigger The best optical position 
of the afterglow measured in the r' band against the USNO-Bl 
catalog is R.A.(J2000)=06:02:39.69, decl.(J2000)=-41:42:54.9 
with systematic uncertainties of 0'.'3 in each coordinate. 
The position of the host galaxy is R.A.(J2000)=06:02:39.69, 
decl.(J2000)=-41:52:55.1 and therefore the distance of the af- 
terglow from the host is (J.' 14-. A finding chart of the afterglow is 
shown in Fig.|2] 

Spectroscopy of the afterglow was performed on 2009 March 
30.01 UT (~ 1.6 days post burst) using th e FOcal Reducer 
and l ow dispersion Spectrograph 1 (FORS 1 ; lAppenzeller et al.l 
11998 1) at the 8 m ESO-VLT UT2 telescope (Programme ID: 
083.D-0903). Observations were obtained using the 600B and 
6007? grisms, providing a spectral resolution of roughly 5 A full 
width at half maximum. Two 1800 s integrations were taken in 
each of the two grisms. 

2.3. GRB 090510 

At 00:23:00 UT on 10 May 2009 the Swift BAT triggered and lo- 
cated GRB 090510 (Hoversten et al. 2009). The burst also ti'ig- 
gered Fermi/GBM (Guiriec et al. 2009) and other instruments 
(iGolenetskii e"tan[2009c lOhmori et al.ii2009t iLongo et al.ll2009t 
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iGiuliani et alJ l2010h . The duration (Tgo ~ 2.1 sec) and the 
neghgible spectral lags below ~1 MeV of the event make it 
consistent with the class of short bursts (Abdoet al. 2009al 
Significant emission was d etected by the LAT (lOhno & Pelassa 
120091; lOmodei et al.]|2009l) . The time integrated spectrum us- 
ing Fermi GBM and LAT data is best fit by two spectral com- 
ponents, a Band function with the Epeak = 3.9 + 0.3 MeV 
and a power-law at high energies. The total isotropic energy i s 
(1.08 + 0.06) X 10^^ erg (10 keV - 30 GeV) (lAbdo et alJl2009ah . 
The event was also detected at 5cr significa nce at energie s above 
100 MeV by AGILE GRID (iLongo et al. 2009; GiulianielalJ 
|20T^ ). 

Swift slewed after 91 seconds and observations with 
the XRT and UVOT rev ealed an uncatalogued source 
([Marshall & H oversten' 2009). The XRT light curve was re- 
ported to be fading (Grupe & Hoversten 2009) and t he UV OT 
afterglow candidate was confirmed by Olofsson et alJ (l2009h us- 
ing the Nordic Optical Telescope. iKuin et al.. (.20091) report that 
the afterglow of GRB 090510 is detected in aknost all UVOT 
filters which imphes tha t the red shift is less than about 1.5 
(iKuin & Hoverstenll2009l) . See also lDe Pasquale et alJ (l2010l) . 

GROND imaged the field of GRB 090510 starting 6.18 h 
after the Swift and Fermi triggers. At that point the position of 
the GRB was becoming visib le above the pointing constraints of 
the telescope dOhvares et alJi2009bl) . Therefore GROND images 
taken in the first two hours suffer from high airmass and mod- 
erate image quality. Observations continued for 4 h until local 
twilight and were resumed in the following night for 1.5 h. In 
the first epoch, the afterglow is detected in the g'r'i'z' optical 
channels, while the JHKs band yield only upper limits and the 
second epoch only yield upper limits on the afterglow flux. The 
position of the optical transient associated with GRB 090510 
is measured against USNO-Bl to R.A.(J2000)=22: 14: 12.54, 
decl.(J2000)=-26:34:59.1 with eiTors of 0'.'5 in each coordinate. 
In both epochs a nearby, extended object with coordinates of 
R.A.(J2000)=22: 14: 12.56, decl.(J2000)=-26:34:58.7 at a dis- 
tance of 1'.'2 with respect to the afterglow is clearly detected. 
Given the low spatial separation both objects are blended in the 
first epoch. A finding chart of the field of GRB 090510 is shown 
in Fig. [3] 

Spectroscopy of the host galaxy of GRB 0905 10 was per- 
forme d (~ 2.3 days post burst) using FORS2 ( Appenze ller et alJ 
119981) at the 8 m ESO-VLT UTl telescope (Programme ID: 
083.D-0903(A)). Observations were obtained using the 300/ 
grism, providing a spectral resolution of ^ 7 A FWHM. Three 
1800 s integrations were taken. T he preliminary a nalysis and 
redshift z - 0.903 was reported bv lRau et all (l2009b ). We note 
that the redshift of this galax y is consistent wit h the afterglow 
colours detected by UVOT ( Kuin et alj 12009 '). Additionally, 
spectroscopy of the source located 5"south of the GRB host 
galaxy was performed ~ 1 .3 days post burst using FORS2 (300y 
grism), which yields a redshift consistent with that of the GRB 
host. Two 1800 s integrations were taken of this object. 

2.4. GRB 090902B 

At 11:05:08.31 UT on 2 September 2009 Fermi GBM trig- 
gered on a long, bright, hard burst GRB 09090 2B (trigger 
273582310 / 090902462) dBissaldi & Connaughtonl l2009). The 
burst was locaHzed by Fermi/LAT to R.A.(J2000), decl.(J2000) 
= 265 .00, 27.33 with a statistical uncertainty of only 0.06 de- 
grees dde Palma et al.l l2009b) and Target of Opportunity obser- 
vations were initiated with the near-field instruments on Swift 




Fig. 3. GROND finding chart for the afterglow of GRB 0905 10. 
The main panel shows the field of GRB 090510 taken 1.4 days 
post burst. The field shown has 4'x 4 ', where North is up and 
East is to the left. The inset in the top left shows a zoom into the 
afterglow region at 8.5 hours after the burst, where the afterglow 
is indicated with two lines. The middle inset contains the same 
region with the host 1 .4 days post burst. The top right inset is a 
difference image between the first and second epoch. All images 
are /' band. 



42.5 hours post-trigger. A candidat e X-ray afterglow within 



the LAT error circle was reported by iKennea & Stratta ( 2009h 
and subsequently confirmed to be fading (IStratta et al. I l2009h 
Optical detections were reported by a number of observers 
(Swenson & Sieeel 2009; Swenson & Stratta 2009; Perley et d] 
2009a; Guidorzi et_alj I2009fc iPandev et al. 1 120091). in the NIR 
(.Olivares et al.. ,200 9al) and in the radio dvan der Horst et al] 



120091: IChandra & F rail 200%. The afterglow redshift of z 



1.822 was obtained from an afterglow absorption spectrum by 
Cucchiara et al. (2009) using the GMOS spectrograph. Based on 
the spectral parameters (de Palma et al. 2009a), the isotropic en- 
ergy released is Ey i^o - 2.26x10^''* in the 1 keV to 10 MeV range 
and 3.54 x lO*""^ erg in the 1 keV to 10 GeV band. An excess of 
emission in addition to the Band function at both l ow energies 
$ 50 k eV and above >100 MeV was reported bv lAbdo et al.l 
d2009ch . 

GROND imaged the field of GRB 090902B starting ~ 13 h 
after the Fermi trigger when the position of the GRB was be- 
coming visible above the pointing constraints of the telescope. 
At the time of the first epoch observations, only the LAT lo- 
calization with 3.5 arcmin uncertainty was available. The af- 
terglow location was outside the narrower (5.4'x 5.4') optical 
field of view (FoV) b ut within the larger NIR FoV (lO'x 10') 
(lOlivares et al 1 l2009ah . Observations continued in the following 
nights by GROND and an additional VLT/FORS2 R band ob- 
servation was executed at ~ 23 days post trigger (ESO DDT 
Proposal number : 283.D-5059). A finding chart of the field of 
GRB 090902B is shown in Fig.g] 
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0.06 mag in JH and 0.08 in Ks, which was added quadrat- 
ically to the statistical error in the analysis of the broadband 
spectral energy distribution. TLS data of GRB 090323 was re- 
duced in a standard manner with MIDAS and IRAF and cali- 
brated against six SDSS stars in the field-of-view, where we de- 
rived Rc magnitudes using the transformations of Lupton from 
2005' . The standard stars were measured with SExtractor, and 
afterglow magnitudes were derived using aperture photometry. 
All magnitudes are corrected for t he expected Galactic redden- 
ing in the direction of the bursts dSchlegeletalJI 19981) . which 
is Eb-v = 0.03 mag for GRB 090323, Eg-v = 0.06 mag 
for GRB 090328, Eg-v = 0.02 mag for GRB 090510, and 
Eb-v = 0.04 mag for GRB 090902B, respectively. All magni- 
tudes are quoted in the AB system throughout this paper 

The FORSl-t-2 spectroscopy data were reduced with stan- 
dard IRAF routines, and spectra were extracted using an optimal 
(variance-weighted) method. The observations were obtained 
with a long slit of I'.'O width and corrected for slit losses due to fi- 
nite slit width. Spectro-photometric calibrations were carried out 
using observations of the standard stars EG 274 and LTT 7379 
(Hamuv et al. 1992) for the observations of GRB 090328 and 
GRB 090510, respectively. 



Fig. 4. GROND/VLT finding chart for the afterglow 
of GRB 090902B. The main panel shows the field of 
GRB 090902B in the /' band taken 1.5 days post burst. 
The shown field has 4'x 4', where North is up and East is to 
the left. The afterglow position is indicated with two lines in 
each image. The inset in the top left shows a zoom into the 
afterglow region at the same epoch, where the afterglow was 
still bright. The top right inset shows a VLT 7?-band image taken 
23 days after the trigger Both insets were enhanced in contrast 
for demonstration purposes. 



3. Analysis 

GROND optical/NIR data were reduced and analyzed in stan- 
dard manner using pyraf/IRAF tasks (Todv 1993). A detailed de- 
sc ription of the reducti on and relative photometry can be found 
m iKruhleretalJ d2008h . In the afterglow-dominated regime we 
used PSF fitting techniques to derive the brightness of the optical 
transient. These were complemented by standard aperture pho- 
tometry, which yields consistent results. The magnitudes of the 
GRB host galaxies were measured using aperture photometry 
with an appro priate aperture correction. In addition, SExtractor 
dBertin & Arn outs 1996) was used to perform host photometry, 
again with consistent results to the reported aperture photometry. 

Absolute photometry in gV/'z' -bands was obtained against 
the g' r'i'z' magnitudes of th e Sloan Digital Sky Survey (SDSS 
DR7. lAbazaiian et al.ll2009l) for all bursts. SDSS field stars in 
the vicinity of GRB 090323 (|Dpdike et al. 2009b) were used 
for GRBs 090323 and 090328. Both bursts were observed with 
GROND consecutively in 5 different nights, out of which 4 
where photometric. The obtained calibration is consistent be- 
tween all epochs. The field of GRB 090510 was calibrated 
against the primary Sloan Standards SA 114-750 and 114-650 
and their SDSS field stars. Absolute photometry of the afterglow 
of GRB 090902B was obtained against a nearby SDSS field ob- 
served under photometric conditions. JHKs absolute photom- 
etry was measured against the magnitudes of selected stars in 
the field of GRBs 0903 23, 090328, 090510 an d 090902B from 
the 2MASS catalogue dSkrutskie et alj l2006l) . This procedure 
results in a typical absolute accuracy of 0.04 mag in g'r'i'z' , 



4. Results 

4. 1 . The afterglow of GRB 090323 

4.1 .1 . Light curve 

The GROND and TLS multicolor light curve of the optical/NIR 
afterglow starting at Tq + 95 ks is presented in Fig.|5]and is well 
described with a single power-law plus a superimposed bump 
component and a constant host contribution dominating at later 
times (x^ - 161/138 d.o.f). All available optical/NIR data were 
fitted simultaneously, allowing for a color change in the bump 
and host dominated regime. The initial power-law decay slope 
is a = 1.90 + 0.01, with no sign of an additional break at later 
times. The host magnitudes in the g'z'JHKs bands are not con- 
strained by the data and have been fixed. Similarly, the flare 
is unconstrained in the H and Ks bands. The host galaxy of 
GRB 090323 was detected in the r' and /' bands but the stellar 
mass is not constrained by the optical identification (magnitudes 
r' = 24.87 + 0.15 and /' = 24.25 + 0.18) obtained by GROND 
because observations probe the rest-frame UV, where the mass- 
to-light ratio can vary by a factor of more than 100. 

4.1.2. Spectral energy distribution 

The multi-band spectral energy distribution (SED) of the af- 
terglow of GRB 090323 is shown in Fig. |6] It is well fit 



with a power-law of index /3, 



'opt 



0.65 ±0.13 and a small 



amount of Small Ma gellanic Cloud (SMC)-like dust extinction 
dBouchet et alJ[T98l with A^"^' = 0.14+;j{J^ (j^^ = 3.3/4 d.o.f.). 
A pure power-law does not provide an acceptabl e fit (y^ = 
26/5 d.o.f.), and Large MageU anic Cloud (L MC) dFitzpatrickl 
11986 1) and Milky Way (MW) dSeatonI [19791) dust models are 
strongly ruled out because of the absence of the 2200 A feature, 
which would be in the z' band at this redshift. The flux differ- 
ence between the extrapolation of the SED defined from /' to the 
Ks and the g' and r' bands is nicely consistent with the spectro- 
scopic redshift of z = 3.57. The final photo-z obtained with the 
calibrated GROND data is 3.44+" !^. 

— U.lo 



http://www.sdss. org/dr7/algorithms/sdssUBVRITransform.html#Lupton2005 



6 



S. McBreen et al.: Optical and NIR follow-up of Fermi/LAT GRBs 



Time since GRB trigger [d| 
10 



4 

f f 
1 

1=3 
—4 



K 



18 
19 

2ll 

22| 

23I 
a 

24 
25 



le-06 

Time since GRB trigger [s] 



Fig. 5. GROND optical/NIR and TLS optical light curve of the 
afterglow of GRB 090323. The data are fitted with a power-law, 
superimposed bump and constant host component. Late upper 
limits are not shown to enhance clarity. 
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Fig. 6. GROND broadband spectral energy distribution of the 
afterglows of GRB 090323, GRB 090328 and GRB 090902B. 
Note that the g' band points for GRB 090323 and GRB 090902B 
are overlapping. 



In the standard fireball model (see e . g. |Piranll2004l : iMeszarosI 

I2OO6I for reviews) the spectral index, /3 of the afterglow is 
connected to the temporal index, a, via the closure relations. 
These depend on the type of circumburst medium, location of 
the characteristic frequencies in the synchrot ron spectrum, and 
the evolutionary stage of the afterglow (e.g. 'Rees & Meszaros! 
1998; Sari et al. 1998; Chevalier & Li 2000; Zhang & Meszaros 
,2004; Panaitescu 2005; Panaitescu et all 120061 IZhang et all 
2006; .Racusin et al...2009,) . However, afterglow light curves of- 



ten display complex temporal behaviour with shallow decays, 
plateaus, rebrightenings, flares or smooth breaks such that lim- 
ited sampling strongly aff ects the inferred light-curve slope 
(e.g. iLipk in et al. 2004j; iNouseket all 120061: lEvans et al.ll2()(M 
iGreiner et aLi2009 b). Hence, here and later, we derive the spec- 
tral index from the optical to NIR SED, and use the temporal 
index from the light curve fitting and the closure relations to ob- 
tain constraints on the jet properties. In particular, for a constant 
spectral index and value of p, the expected light curve slopes 
significantly differ (Aa is between 0.5 and 1.3 depending on the 



model) between the pre and post jet break evolution, which fa- 
cilitates a reliable discrimination between these two regimes. 

For GRB 090323, the obtained spectral index p^pt = 0.65 + 
0.13 is compatible with the observational frequency Vopt being 
between the typical synchrotron frequency v,n and the cooling 
frequency Vc for an ISM (density n = constant) or wind (n oc r^^ 
) environment. 

The power-law decay index of the light curve, a, is expected 
to be ~1 in the pre-jet break, ISM case and is not compatible 
with the observations. A value of a ~ 2.3 is obtained in a post-jet 
break evolution with significant lateral sp reading of the ejecta, 
(both ISM and wind IChevalier & Lil l200tf)'). and a ~ 1.7 (ISM) 
or a ~ 2.0 (wind) if lat eral spreading of the ejecta is not consid- 
ered (lPanaitescull2005h . The latter case (post-jet break without 
spreading) is compatible within Icr with the observed a while 
the case with spreading is compatible at the 2cr level. In the 
above cases the electron spectral index p can be derived from 
j3 = ^ and a value of p = 2.3 + 0.3 is obtained. 

The value of a for GRB 090323 indicates that the jet break 
occurred before the start of the observations. However it is not 
possible to distinguish between the ISM and wind environments. 
The post-jet evolution implies that the half opening angle of 
the jet is sma ller than 0™ < 2.1° in an ISM-type circumburst 
environment dSari et aljfl999t iFrail et al.ll200 1). The beaming 
corrected energy emitted in y-rays Ey (1 keV to 10 GeV) of 
GRB 090323 is thus Ey < 3.3 x 10^^ erg. In a wind environ- 
ment (Chevalier & Li 2000) the opening angle of the jet would 
be 6'™"^ < 1.1° and the beaming corrected energy would be 

Ey < l.Ox 10^' erg. (1 keV to 10 GeV). The following values 
are assumed throughout the paper A*, ni , 770.2 = 1 . 



4.2. The afterglow and host galaxy of GRB 090328 
4.2.1 . Light curve 

The GROND multicolor light curve of the afterglow of 
GRB 090328 starting at Tq+UI ks is presented in Fig.|7]and is 
remai-kably similar to that of GRB 090323 (Fig.©. It is well de- 
scribed with a single power-law of i ndex a - 2.27 + 0.04, which 
is typical of a post-jet break slope (I Zeh et al]l2006h . plus a su- 
perimposed bump component and a constant host contribution 
dominating at later times (;t'-=35/39 degrees of freedom). There 
is minor evidence for a slightly redder spectra in the bump com- 
ponent peaking at ~350 ks post burst, but given the uncertain- 
ties in the measurement however, the spectral index is consistent 
with the afterglow slope at the Icr level. 



4.2.2. Spectral energy distribution 

The broadband SED of the afterglow was constructed from data 
taken in the first epoch where the last epoch was used as a ref- 
erence frame. Subtracting the host fluxes was performed using 
two methods: firstly the fluxes from the light curve fitting were 
used and directly subtracted from the first epoch magnitudes, 
where measurement errors were propagated accordingly. For the 
Ks band, where the host is undetected, we used the mean flux be- 
tween the H band detection and Ks band upper limits with errors 
over the complete range. The effect of the host magnitude error 
on the afterglow SED, however, is negligible as its uncertainty 
is dominated by the absolute photometric accuracy. Secondly, 
the reference frame was subtracted from the 1st epoch image in 
each band, and magnitudes were derived using the difference im- 
age directly. Both methods resulted in consistent results. As the 
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Fig. 7. GROND optical/NIR light curve of the afterglow of 
GRB 090328. The data are fitted with a power-law, superim- 
posed bump and constant host component. All parameters are 
left free in the fit except the Ks band host magnitude, which is 
not constrained by the data. 



second method tends to underestimate the true photon noise in 
the image, results from the direct flux difference with propagated 
errors are used in the following. 

The afterglow SED was fitted using a power-law modified 
by dust reddening as shown in Fig. |6] A pure power-law pro- 
vides a reasonably good fit to the data with ax^ of 4.5/5 d.o.f. 
The resulting power-law index of jSopt = 1. 46^"'Qg, however 
would be surprisingl y red, both theoretically dSari et al. l [T998h 
and observationally dKann et al.ll2006l l2009al) if it were intrin- 
sic to the afterglow. In fact, a small amount of extinction of 



A host , 

Ay 



0.22;^P jg mag with a SMC type dust attenuation law pro- 
vides a better fit (x^ = 2.6/4 d.o.f) and a more typical spectral 
power-law index of /^^^^ - 1.19^g jg. Though statistically not 
necessarily required, it seems thus very likely that there is mild 
reddening by dust in the circumburst environment. Due to the 
redshift of z = 0.7354, the optical data obtained hardly probe 
the rest frame UV regime and do not probe the region of the 
2200 A bump. Therefore, LMC and MW dust models cannot 
be distinguished and return comparable results, with spectral in- 



1 07+"-2'' 

^■^'-0.12' 



/3\ 



opt 



1.1 6+;;-^^ and Ah°^' between 



dices of;8|;p^'= 
and 0.4 mag. 

A spectral index of /3opt ~ 1 .2 is only consistent with tempo- 
ral index a - 2.27+0.04 in a post jet break evolution and the ISM 
or wind, slow cooling cas e in the spectral regime above the cool- 
ing frequency > Vr dSari et al.lll998l: IChevalier & Lill2000t 
[Zhang & Meszarosl l2004t) . In this case the electron energy index 
p is p -2fi - 2.4^g^ as obtained from the spectral index. Hence, 
the observations indicate, that the jet break must have occurred 
before the first GROND obser vations. This yields an upper lim it 
of eL^."^ < 5.5° ore™'' < 4.2° dSari et alJl999l:lFrail et al.ll200Tl) . 



jet 



jet 



which constrains Ey (1 keV to 10 GeV) to Ey < 4.6 x 10^° erg 



for an ISM or Ey < 2.7 x 10^° erg for a wind type environment. 



4.2.3. The host galaxy of GRB 090328 

The optical spectrum of the afterglow of GRB 090328 is pre- 
sented in Fig. |9] and shows a strong [OII]/l3727 emission line, 
with a flux /[Oil] = (25.9 + 0.8) x 10"'^ erg cm^^ s"'. We 
possibly detect a weak, if there, [NeIII]/}3868 emission with a 




> 



8000 10000 
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Fig. 8. Broadband spectral energy distributions of the host galax- 
ies of GRB 90328 and GRB 090510 and host galaxy templates 
from hyperZ dBolzonella et al.ll2000l) . 



flux nearly consistent with zero within the large uncertainties 

/[Nein] = (0.96 : 



: 0.83) X 10"'^ erg cm-2 s'K 



The [Oil] luminosity L[oii] = (6.47 + 0.21) x lO'*' erg s"' 
would give a star formation rate SFR - 3.6 M© yr"', not cor- 
rected for dust extinction (the SFR conversion derived for GRB 
hosts is from Savaglio et al. 2009). A mild dust extinction cor- 
rection wifli A^""*' = 0.22 gives SFR = 4.8 Mq yr"'. This is 
about a factor of two higher than the mean < SFR >= 2.5 M© 
yr ' derived for a sample 43 GRB h osts in the redshift inter- 
val < z < 3.4 dSavagho et al. I|2009), and about one order of 
magnitude higher than in the LMC. The spectrum as been cor- 
rected for slit losses, however we note that the star formation rate 
quoted above is a fraction of the total and that the true SFR may 
be slightly higher 

The spectrum has a number of absorption lines at the same 
redshift of the [Oil] line, associated with Fell, Mnll, Mgll, 
Mgl and Call. W e derive d column densities using the curve-of- 
growth analysis (Spitzer 1978), and cross-checked the results 
with the apparent optical-depth method (Savage & Sembac^ 
I199lh . Identification, rest-frame equivalent width EW^ and mea- 
sured column densities are in Table [T] The effective Doppler 
parameter given by the best fit is, independently for Fell and 
Mnll, ^ 78 km s"'. We used this value to derive the column 
density for Mgl and Call. We estimate a very uncertain iron- 
to-manganese relative abundance [Fe/Mn] - 0.08^^3^^. No in- 
tervening absorption systems have been identified. The redshift 
obtained from the optical spectrum is z = 0.7354 + 0.0003. 

The SED of the host galaxy of GRB 090328 is presented 
in Fig. [8] and was fit using hyperZ ( B plzonella et al.. 2000) and 
models from lBruzual & CharlotI (12003 ). The fitted galaxy spec- 
tral templates include elliptical, different types of early and late 
spirals, irregular and starburst galaxies at various ages and dif- 
ferent star formation rates and solar metallicity. In addition, the 
spectral templates were modified by an extinction term, resem- 
bling the dust attenuation law of the SMC. The redshift of the 
galaxy was fixed at z = 0.7354, which is consistent with the 
apparent 4000 A Balmer break being within the r' band. 

The host galaxy of GRB 090328 is best fit with a starburst 
galaxy template, but all other templates provide acceptable fits. 
Similar to the afterglow SED, there is evidence for dust redden- 
ing from the host observations of the order of A^^^ - 0.5^^ 3 in 
the starburst galaxy (although Ay°^' is not well constrained ), with 
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Fig. 9. VLT/FORSl specti-um of the afterglow of GRB 090328 obtained ~ 1.6 days post-burst using the 600fi and 600/? grisms. 
Prominent absorption and emission lines are indicated and listed in Table[T] 



Table 1. Absorption lines in the afterglow spectrum of 
GRB 090328. 



Line 




z 


EW,. (A) 


log N (cm ^) 


Fell ^2344 


4067.0 


0.7351 


2.71 ±0.15 


16 07+" " 


Fell ^2374 


4120.4 


0.7356 


2.20 ±0.15 


Fell ^2381 


4133.9 


0.7360 


2.82 ±0.15 




Fell ^2586 


4488.0 


0.7355 


2.69 ±0.18 




Fell ^2600 


4511.2 


0.7351 


3.26 ±0.18 




Mnll /12576 


4470.4 


0.7354 


1.16 ±0.16 


13.93 ±0.10 


Mnll .12594 


4500.9 


0.7351 


0.91 ±0.14 




Mnll .12606 


4523.1 


0.7356 


0.79 ±0.15 




Mgll .12796 


4851.7 


0.7352 


3.99 ±0.18 


> 15.7 


Mgll .12803 


4864.3 


0.7353 


3.87 ±0.18 




Mgl .12852 


4949.6 


0.7355 


1.60 ±0.19 


13.38 ±0.12 


Call .13934 


5315.9 


0.7353 


> 1.2 




Call .13969 


5362.9 


0.7353 


1.68 ±0.19 


13.76 ±0.11 



a best-fit age of the dominant stellar population of ~50 Myr. By 
folding the restframe best-fit template spectrum with a typical B 
and K filter response, we derive absolute AB magnitudes of the 
host galaxy of GRB 090328 of = -20.67 and Mk = -20.17, 
well within the samples of previous long GRB host galaxies 
(e.g.,|Christensen et al. 2004; Savaglio et al. 2009). 

The stellar mass of the host can be approximated from the 
best fitting template to M, ^ 10^ "^ Mq . When using the empir- 
ical relation derived by ISavaglio et alJ (l2009l) between K-hand 



absolute magnitude and stellar mass: 
logM, = -0.467 xMk- 0.179, 



(1) 



we derive M» ^ 10'^'^'* Mq with a typical uncertainty of a factor 
2, consistent with the previous estimate and similar to the stellar 
mass of the LMC. Using the dust-corrected star formation rate 
SFR - 4.8 M0 yr"' (see note above on slit loss) and the above 
stellar mass, the specific star formation rate per unit mass rate 
is 2.8 Gyr ' a gain well within the sample of previous long burst 
host galaxies (ISavagho et alJl2009h . 



Using the galaxy distribution function in the corresponding 
redshift interval from z - 0.6 - 0.8 from IWiUmer et all d2006h 
to compare the host's absolute magnitudes to the population of 
field galaxies, the luminosity of the GRB host is estimated to 
~ 0.46 - 0.50L,. We obtain a dust-corrected star formation rate 
per unit luminosity of SFR / Lg ~ 10 M© yr^'L;^' for this host 
galaxy. Hence, the specific star formation rate in the host galaxy 
of GRB 090 328 is consiste nt with the values for the long bursts 
presented bv lBerged (l2009h . 

4.3. The afterglow and host galaxy of GRB 090510 
4.3.1 . Afterglow and host association 

The properties of the afterglow of GRB 090510 are not well 
constrained due its faintness at the time of the GROND obser- 
vation and the blending with the nearby galaxy. Fitting the af- 
terglow SED with a reddened power-law results in an uncon- 
strained power-law index, and a 3(T upper limit for the intrinsic 
extinction of A'^"'*' < 1.1 mag, assuming an SMC-type extinction 
law. MW- or LMC-type extinction cannot be distinguished and 
result in comparable values for jSopt and Ay. 

The putative host galaxy at a distance of I'.'l , correspond- 
ing to a projected distance of 9.4 kpc from the afterglow to the 
brightest emission in the nearby galaxy, has r'- and z'-band mag- 
nitude of 23.4 and 22.3 mag, respectively and extends to the af- 
terglow position in the GROND images of 0'.'9 seeing (Fig. O. 
According to object counts from the H ubble Ultra Deep Field 
(Beckwith et al. 2006) and the GOODS (iGiavahsco et alJl2004l) 
one would statistically expect less than 0.008 unrelated objects 
of similar brightness at this distance to the afterglow, corre- 
sponding to a chance probability of < 0.8%. For comparison, 
the chance coincidence probability for the galaxies -5" south 
and ~8" west of the afterglow are ~7%, and ~30% respectively. 

In the merger of two compact objects, the progenitors may 
be kicked outside their host galaxy at scales of 1-100 kpc, with 
a distribution peaki ng at several kpc for different galaxies and 
merger conditions (Frver et anil999l) . Most of the convincing 
host galaxy associations however are found for host positions 
which coincide or overlap with the afterglow (e.g. . Fox et d] 
I2005L iLevan et al.ll2006at iKann et al.l[2008t iTroia et al.M2008r 
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Fig. 10. VLT/FORS2 3001 spectrum of the host galaxy of GRB 0905 1 obtained ~ 2.3 day s post-burst (top panel) and corresponding 
noise spectrum (lower panel). The Sd galaxy template (yellow line; iPolletta et al.ll200 '7l) in the top panel indicates the location of 
the 4000 A break. The [Oil] and H/S emission lines are marked and their fluxes listed in Table|2l 



Short burst host samples s how a typical offse t of 0"-3" with 
cluste ring at small values (iBerger et al.l 120071 : iD'Avanzo et al.l 
I2009h indicating that a large kick might not be a dominant 
process. Re cently, bas e d on HST observations of ten short 
burst hosts. Pong et al.l (1201 Ol) report that the median offset of 
short GRBs from their host galaxies is 5 kpc and based on a 
larger sample of short bursts they report that 25% of bursts 
have projected offsets of less than 10 kpc. The h ost galaxy of 
GRB 090510 certainly falls within this distribution. iBerger et al.l 
(2007) argue that even fainter, undetected galaxies at low red- 
shifts z < 0.5 are very unlikely to host the dominant fraction of 
short GRBs. Also in the case of GRB 090510, direct observa- 
tions of the optical afterglow place a strong constraint of z < 1 .5 
of the redshift (iKuin et aLll2009l) . Given that the observed prop- 
erties of the closeby galaxy fit very well into previous samples 
of sh ort burst host galaxies in terms of brigh tness and redshift 
(e.g.. lBerger et al.ll2007l:FSavadio et al.ll2009l) . and the probabil- 
ity of chance association is very low, this galaxy can be confi- 
dently associated with the burst and is hence very likely the host 
of GRB 090510. 



We further report that the redshift of the galaxy -5" south 
obtained using VLT/FORS is the same as that of the host galaxy 
based on the detection of [Oil] and Hf) emission lines. Using a 
distance scale of 7.8 kpc/" this translates to a projected distance 
of ~ 40 kpc and suggests that the host and this galaxy are part of 
a group or cluster association. Consequently in the unlikely event 
that this second galaxy were indeed the host galaxy, the distance 
to the source would therefore remain unchanged. The source to 
the east ~ 8" away appears stellar and all the remaining nearby 
bright galaxies have chance coincidence probabilities of order 
-100%. 



4.3.2. The host galaxy of GRB 09051 

The spectrum is presented in Fig. [10] and has a relatively weak 
[OII]/13727 emission line, with a flux /[Oil] = (1.30+0.15)xlO"'^ 



1 (Table EJ. The weaker H/? flux is fup = (0.50 ^ 
The redshift obtained from the optical 



erg cm s" 

0.15)xl0"'^ergcm-2 s"' 



(5.4 + 0.6) X 10 



40 



spectrum is 0.903 + 0.001. 

The [Oil] and H/5 luminosities are L[oii] 
ergs"' andLn^ = (2.1 +0.6)x 10^*' erg s"', respectively. The star 
formation rate, not corrected for dust extinction, derived from 
the [Oil] luminosity is SFR - 0.30 yr ', consistent with 
the SFR - 0.26 Mq yr ' derived fro m the HP luminosity. The 
SFR conversions are those proposed bv lSavagho et al ] (120091) for 
GRB hosts. The derived value is one order of magnitude lower 
than the mean SFR measured in long GRB hosts (Savagli o et al.l 
2009) and consistent with relatively faint UV emission derived 
from the SED of the host (Fig. |8]l and at th e lowe r end of the 
distribution of SFRs of short GRBs (Berge3 l2009l) . Correcting 
for dust extinction yields a star formation rate of ~ 0.60 Mq yr"' . 
We note as in the case of GRB 090328, the spectrum as been 
corrected for slit losses, however we note that the star formation 
rate quoted above is a fraction of the total and that the true SFR 
may be slightly higher 

The SED fitting for the host of GRB 090510 has been per- 
formed in a similar manner to that of GRB 090328 (Section 
14.2.3b . The redshift of the galaxy was fixed to the spectroscopic 
value of z = 0.903. Again all galaxy templates provide an accept- 
able fit, where the best fit is obtained with an elliptical galaxy. 
We note that the SFR is in the rang e of local star-forming el- 
liptical galaxies dHuang & Gul 120091) . From the best fit we de- 
rive AB absolute magnitudes Mb = -19.91 and Mk - -20.51, 
and slight evidence for a dust extinction reddening similar to the 



SMC with a visual extinction of A'J,°^' 



0.7+j;-^. The stellar mass 



of the host can be estimated directly from the galaxy templates 
to Mt ^ IO'^'^^'^'^Mq. The dust-corrected star formation rate per 
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Table 2. Emission lines detected in the spectrum of GRB 0905 10 
corrected for Galactic extinction. 



Time since GRB trigger [d] 



Line 


'lobs 


z 


Flux 

(10"" ergcm-2 s"') 


[011].13727 


7092.6 


0.9030 


1.30 ±0.15 




9249.7 


0.9028 


0.50 + 0.15 


[Olll]i5007 


n.d. 




< 0.3 



unit mass is 0.04 to 0.15 Gyr significantly below that of the 
host galaxy of GRB 090328. 

Using the galaxy distribution functio n in the co rresponding 
redshift interval from z - 0.8 - 1 from Wi llmer et al . (2006), the 
luminosity of the GRB host is estimated to ~ 0.26 - 0.30Lt, and 
we obtain a dust-corrected star formation rate per unit luminos- 
ity of SFR / Lb ~ 2 Mq yr^'L;^' for this host galaxy, consistent 
with the albe it wide range o f SFR / L, values for the short bursts 
presented bv lBergeii (l2009l) . 
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Fig. 11. GROND and VLT optical/NIR light curve of 
GRB 090902B. The data are fitted with a broken power-law. 
Due to the proximity of the source to the sun, the light curve 
coverage is sparse at later times, and the evolution is ambigous. 
There is however indication of a break at around 150 Ms post 
burst. Shown is the fit with a fixed late slope and relatively shaip 
break. 



4.4. The afterglow of GRB 090902B 

4.4.1 . Light curve 

The early (f < To 1.10 Ms) GROND multi-color light curve 
of the optical/NIR afterglow of GRB 090902B is well fit by a 
single power-law of index = 0.94 + 0.02. A late epoch of 
imaging obtained with the VLT 23 days after the burst indicates 
a break in the light curve at the 2cr level. No further follow- 
up observations could be performed due to the proximity of the 
GRB field to the Sun. Consequently the light curve coverage at 
late times is sparse and the evolution not fully conclusive. Fixing 
the late slope to a conventional post jet break slope of 02 - 2.2 
with a relatively sharp break as shown in Fig. [TT] results in a 
break time of f ~ 1.5 Ms ^ 43/35 ^ q f) 

4.4.2. Spectral energy distribution 



The optical/NIR SED of the afterglow of GRB 090902B is well 
described with a simple power-law template (Fig.|6]l. The spec- 
tral index is ySopt = 0.79^Q *j'g, with 3cr upper limits of the intrin- 
sic visual extinction of A^°" < 0.36 with an SMC/LMC type 
reddening and A^^^ < 0.24 assuming a MW-like dust attenu- 
ation law. This is in agreement with the light curve slope of 
a ~ 0.94 in the fireball model, which is typical for a pre-jet 
break evolution with an ISM surrounding and with an observa- 
tion al frequenc y between and v^. Following Sari et aTl d 19991) 
and lFrail et al.l (|2001), the half opening angle for a break time 
of t ~ 150 Ms would be 7.2°, or setting fbreak S 1.1 Ms as 
a conservative lower limit fljet > 6.4°. Together with the ener- 
getics of the prompt emission, this implies a beaming corrected 
energy of Ey > 2.2 x 10^^ ergs. We note that a wind environ- 
ment would significantly relax the lower bounds on the opening 
angle and thus Ey, however it is not consistent with the expec- 
tations for a and /3opt in the standard models. The power-law 
index p of the electron population is then p = 2.58;^Q3g as ob- 
tained from the spectral index which is in reasonable agreement 
with the values estimated from the early LAT emission under 



the assumption that it is generated by an external forward shock 
tKumar & Barniol Duran.2009a) . 



5. Discussion 

We have presented the optical and NIR follow-up observations 
of four bursts with high energy emission detected by Fermi/LAI 
and spectroscopic investigations of two of those events. Since 
the end of the commissioning phase Fenni/GBM has detected 
several hundred GRBs, many of which were in the field of 
view of the LAT instrument, however only fourteen of those 
have been also detected in by LAT (up to the end of January 
2010). Follow-up of these bursts is of special interest due to 
the broadband coverage of the prompt emission (keV to GeV) 
which allows the spectral properties and energetics of these 
events to be constrained. It is noteworthy that the redshifts of 
bursts detected in the GeV regime by the LAT range from 
the relatively low-redshift GRB 090328 to the high-reshift of 
GRB 0809 16C and that the long bursts have high fluences and 
very high isotropic gamma-ray energies (although GRB 090328 
has a smaller isotropic energy release due to its lower redshift). 
The properties of these events presented in this paper and another 
Fermi/LAI event, GRB 0809 16C, including their afterglows and 
energetics are summarized in Table[3] 

Three of the bursts presented in this paper belong to the class 
of long gamma-ray bursts while GRB 090510 is a short burst. 
The existence of two classes of gam ma-ray bursts has been es- 
tabhshed for s ome t i me (e.g.. Mazets et al. 198lt iNorris et"an 
11984 iHurlevI 119921: iKouveliotou et all Il993h . It is generally 
accepted that long GRBs have their origins in massive star 
progenitors because of their association with core-^llapse su- 
pernovae (SNe) (e.g iGalama et al. 19981: iHjorth et all 120031: 
Malesani et al. 1 120041: IZeh et al. 2004) and occurrence in star 



forming galaxies ~(lBloom et al.ll2b 02) and in highly star-forming 
regions therein (Fruchter et al.' 2006). For a recent review of 
gamma-ray bursts see Vedrenne & Atteia (2009). 

The origin of short GRBs is still open, wit h mergers of 
compact objects being the leading concept (e.g., lEichler et al.l 
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Fig. 12. The afterglows of the Fermi /LAJ^-detected GRBs in comparison with a sample of over 120 well observed afterglows detected 
until May 2009 (Kann et al. 2006, 2009a, 2008). GROND and TLS data only are presented for the the long Fermi bursts while the 
early data points from GRB 090510 are from UVOT ( Kuin & Hoverstenli2009() and include a point from lOlofsson et all ( |2009|) . 
All afterglows have been corrected for Galactic extinction and for host-galaxy contribution, where applicable. All afterglows have 
been additionally corrected for host-galaxy extinction, and have been shifted to a redshift of z = 1. Long GRBs are shown as light 
grey lines, whereas short GRBs are thicker grey lines with symbols. Squares are detections, and downward pointing triangles upper 
limits. 



1989; 'Gehrels et al."2005t iHiorth et al.ll200l iFox et al.ll200l 
Levan et al..i200 6 ^). For a rec ent r eview of short bursts and thei r 



progenitors see iNakaJ (l2007l) and lLee & Ramirez-Ruij (|2007|) . 
In contrast to long GRBs, the afterglows of the short bursts 
are generally fainter (Kann et al. 2008; Nvsewander et al. 2009), 
making it difficult to obtain an absorption line spectrum of 
the afterglow itself. Almost exclusively, the distances to short 
bursts are obtained by associatio ns with and observations of 
the ( putative) host galaxies (e.g., Berger 2009t iGraham et alj 
l2009i) . See however .Levan et al. (2007) . One possible excep- 
tion i s the case of GRB 09 426 at z ^ .^■609 (iLevesque et al.l 
l2010t lAntonelli etani2009t IZhanget al.ll2009l) for which ab- 
sorption line spectroscopy of the afterglow was successfully 
obtained, but may be considered on balance by the authors to 
be associated with the population of long gamma-ray bursts. 
The host galaxies of the short bursts were foun d initially to 
be mostly elHptical galaxies, e.g., GRB 050509B (Gehrels et al.' 
2005; Bloom et al. 2006) and GRB 050724 (Berger et al. 2005; 
Gorosabel et al. 2006) and that an old progenitor population was 
required. However, as the sample has since increased, all types 
of galaxies, from elliptical to star-forming, have been found to be 



associated with short bursts and the majority of sh ort bursts are 
now found to reside in star form ing galaxies (e.g.. 'Berg er et al.l 
120071: lBergedl2009HProchaska et al. 2006). A comparison of the 
short and long burst hosts by Berger, (120091) revealed that the 
former have higher luminosities, and that it is unlikely that both 
samples are drawn from the same underlying galaxy distribution 
(p = 10"^) and that the short burst hosts properties match well 
to field galaxies in the range z ~ 0.1 - 1. 



5.1. Afterglow properties and energetics 

The bursts were followed up in the optical and NIR starting at 
times ranging from 6 hours to 1.6 days post trigger In all cases a 
bright afterglow was detected and followed for many days, with 
the exception of GRB 090510 which was only detected on the 
first night post-trigger The afterglow light curves of the three 
long bursts are well sampled in the seven GROND bands. The 
two March events are well fit by power-laws with indices con- 
sistent with post-jet break models constraining the opening an- 
gle to be before the start of GROND observations. In the case of 
GRB 090323 the opening angle (0^^^) is less than 2.1° while for 
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Table 3. Summary of the burst properties including the redshifts, isotropic gamma-ray energy (Ey^i^o), the power-law decay index 
of the afterglow light curve (a), the afterglow spectral index (fiopt), the template employed to constrain the host galaxy extinction 
(Ay°^'), limits on the half opening angle (d^f^) and on the beaming corrected gamma-ray energies (Ey ) and finally the star formation 
rates obtained for two of the host galaxies. 



Burst 


Redshift 


F " 
erg 


a 


^Opt 


Template 


A host 


jet 


F " 
(erg) 


SFR'' 

(Moyr-'j 


GRB 090323'' 
GRB 090328 
GRB 090902B 
GRB080916C\f,'5 
GRB 0905 10 


3.57'^ 
0.7354 
1.822= 
4.35s= 
0.903 


5.1 X lO^-* 

1.0 X 10" 
3.5 X lO^* 
8.8 X 10^" 

1.1 X 10" 


1.90 + 0.01 
2.27 + 0.04 
0.94 + 0.02 
1.40 + 0.05 


0.65 ±0.13 

1 lQ+0.24 
^■^'-0.21 

0.79!«:?^ 


SMC 
SMC 
SMC/LMC 


14+°"'* 

^•^ -0.03 
n 99+0.06 
"•^^-0.18 

< 0.34 
<1.1 


< 2.1° 

< 5.5° 
> 6.4° 

> 6° 


< 3.3 X 10^' 

< 4.6 X 10^" 

> 2.2 X 10" 

> 4.8 X 10" 


4.8 

0.30 



" £yiso values are quoted in the energy range 1 keV ~ 10 GeV, with the exception of GRB 080916C (10 keV-10 GeV: Abdo et al. 2009a) and 
GRB 090510 (10 keV -30 GeV : Abdo et al. 2009c). 

* The opening angle and Ey are lower in a wind medium for GRB 090323 and 080916C. 
iChomock et afl ( 120091) . 

LMC and MW templates fit the data equally well and it is not possible to distinguish between models. 
" ICucchiarae t al (2009h. 

^ A value of A^""' < 0.23 is obtained using the MW template. 

* Values of a, yS^pt and the jet break lower limit are taken from lGreiner et al.) i2009ah . 

* The true SFR may be larger than measured because of slit losses. 



GRB 090328 the observations began later and the opening an- 
gle (0^^^) is less than 5.5°. The slope of the afterglow decay of 
GRB 090902B is flatter and consistent with a pre-jet break value, 
constraining the opening angle (flj^j'^) of the jet to be > 6.4°. 

Knowledge of the opening angle allows us to correct the 
isotropic energy and calculate lim its on Ey, the beaming cor- 
recte d energy release in y-rays dSari et a n [19991 IfM et alj 



12001 ). The Ey of GRBs 090323 and 090328 is in a range com- 
patible with the majority of GRBs observed to date. In the case 
of GRB 090902B, the late break places at least a lower limit on 
the opening angle and therefore a very large beaming corrected 
energy output of > 2.2 x 10^^ erg is obtained. To date this is one 
of the largest values of Ey measured and indicates that the large 
Ey^iso values of FermifLALT GRBs are not always due to a narrow ^ p Host properties 



the constraints on Ey directly (extra-component) or indirectly 
by reducing the lower limit on the opening angle (Wind-case), 
or by disconnecting the beaming of the prompt emission from 
the late afterglow (two-component model ). Although some- 
what contrived, multi-componen t jets (e .g. iBergeret alj 120031 : 
.Racusin e t al. 2008; Kriihle r et a l]l2009ah would allow the y-ray 
emission to be tighter collimated than the late afterglow, and 
hence reduce the measure on the opening angle obtained from 
the afterglow light-curve to an upper limit. Similar arguments 
can not be invoked for GRBs 090323 and 090328, where the lat- 
ter one in particular is a significant outlier from the iSpeak.i - Ey 
relationship (Fig. [13]). 



opening angle where we happen to be located in the cone. The 
value of Ey obtained for the three long bursts ranges from less 
than 5 x 10^" erg to greater than 2 x 10^^ erg, spanning over a fac- 
tor of at least 30. Values in excess of 1 0^^ erg have been repo rted 
for another Fermi/LA^ de tected burst (j Or einer et alJl2009 a^ and 
a number of Swift bursts (ICenko et alJ 2009bl) and indicate that 
the distributi on of Ey is broad and not com patible with a stan- 
dard candle (iFrail et alJl200lt iBloom et al.. 2003) . Furthermore 
these very luminous GRBs with high values of the redshift cor- 
rected iipeak are not compatible with the iipeak,! - Ey relation- 
ship as shown in Fig [T3] which was obtain ed for GRBs with in 
general lower values of the peak energy (Ghir landaet"ani2004t 
ICampana et alj [2007t) . While being consistent wit h the Amati 
(jEjeaki - ^iso) relation at the 2cr level (se e also Amati et alJ 
I2009h ! albeit with a large scatter (see also e.g. lButleret alJ20()7lK 
all f our L AT bursts are inconsistent with the Ghirlanda rela- 
tion dGhirlandaeTani2004 at > 2(T using a standard approach. 
Two GRBs (0809 16C and 090902B) have too large beaming 
corrected Ey for their iSpeak.i, while iSpeak.i for GRBs 090323 
and 090328 is too high to fit the Ghirlanda relation. In the ear- 
lier case, subtracting the energy i n the additional po wer-law 
component of the prompt emission (lAbdo et alJ[2009a) . a wind 
environment, or a two-component model could possibly relax 



Host galaxies were detected for two of the long bursts, 
GRBs 090323 and 090328, and the short burst GRB 090510. 
The host galaxy of GRB 090323 was detected in the r' and /' 
bands but further constraints could not be obtained due to the 
faintness of the source and the high redshift. The host galaxy 
of GRB 090328 is best fit with a burst galaxy template (al- 
though all other templates provide acceptable fits) and the ab- 
solute magnit udes are comparable with previous long GRB h ost 
galaxies (e.g.. IChristensen et alj|2004l : ISavaglio et al. I I2OO9I) . A 
dust-corrected star-formation rate of 4.8 yr~', as well as the 
star formation rate per unit mass (2.8 Gyr"') and per unit lu- 
minosity ( ~ 10 Mq yr^'L^') derived from the a fterglow spec- 
trum are consistent with the long burst sample (ISavaglio et alJ 
12009 ^. 'Berger"2009). The host galaxy of GRB 090510 was de- 
tected by GROND and a spectrum was obtained by the VLT. A 
star formation rate of 0.30 M© Gyr ' (not corrected for dust) was 
derived and the host galaxy is best fit by an elliptical template, 
however all templates provide acceptable fits. The dust-corrected 
star formation rate per unit luminosity of ~ 2 yr^'L;,:' for this 
host galaxy is consistent with the values for the short bursts pre- 
sented by Berger (2009). The properties of the host galaxies of 
two bursts with high-energy emission detected by FermZ/LAT, 
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Fig. 13. Amati and Ghirlanda relation challenged by FermifLP^ 
bursts. The black crosses, the black dashed line, and the grey 
shaded areas represent the data and best-fit ^ peak.i - £iso relation 
and its Icr, 2cr and 3cr scatter as compiled in Amati et al. '2008'. 
The grey crosses, the grey dashed line, and the golden shaded 
areas represent the data and best-fit jSpeak.! - Ey relation an d its 
Icr, 2cr and 3cr scatter as compiled in ;Ghirlanda et al.l|2007 l Red 
points are the 5 Fenni/LAJi bursts with respect to the Amati re- 
lation. The red circles are calculated in the bolometric energy 
range (1 keV to 10 MeV) and the red diamonds are calculated 
over the energy ranges quoted in Table |3] The four long LAT 
bursts are consistent with it at the < Icr level. Blue points with 
arrows are the limits on the four long FermifLPil bursts with re- 
spect to the Ghirlanda relation. The blue circles symbols indicate 
the data in the bolometric energy range (1 keV to 10 MeV) and 
the diamonds are again the values from Table |3] Over the bolo- 
metric energy range all four are inconsistent with the relation at 
> 2cr level and over the wider energy range, three are inconsis- 
tent with it at the > 3cr level and GRB 090323 is consistent. 



the long burst GRB 090328 and the short burst GRB 090510, 
are not exceptional with respect to ^re-Fermi samples. 

5.3. Optical afterglows of LAT-detected GRBs In comparison 
with the previous sample 

With knowledge of the distance from the redshift determination 
and the local dust extinction from the SED fitting, we are able 
to compare the afterglows of our sample of LAT-detected GRBs 
(where we also include GRB 0809 16C, Greiner et al. 2009a,) 
w ith a large sample of well observed GRB a fterglows presented 
in lKannetal.] (l2006 l) (pre-Sw ift long GRB s), 'Kann et al.l (l2009ah 
(Swift-em long GRBs) and iKann et aL [j2008)(5wj^ra short 
GRBs). Using the method detailed in lKann et all (120061) . the af- 
terglows are corrected for host-galaxy extinction and all shifted 
to a common redshift of z = 1, so they can be compared directly 
both in terms of temporal evolution as well as luminosity. The 
LAT-detected-GRB afterglows are shown in comparison to the 
total sample in Fig. [12] 

In comparison to the sample of long GRB afterglows, the 
three afterglows presented in this work as well as GRB 0809 16C 
are seen to be diverse. The optical afterglow of GRB 090323, 
especially at early times, is one of the most luminous afterglows 
ever detected. The steep decay from discovery on gives it a more 
typical luminosity at later times. The afterglow of GRB 080916C 




25 24 23 22 21 20 19 18 17 
Brightness [iiiagj at 2 days 

Fig. 14. The afterglow brightness at day 2 of four long 
Ferm//LAT-detected GRBs in comparison with a sample of over 
70 well observed afterglows of long GRBs detected until May 
2009 (Kann et al. 2006, 2009a). The comparison sample com- 
prises 50 Swift-eia and 21 pie-Swift afterglows. 



lies close to the mean of the sample distribution. At discovery, 
the afterglow of GRB 090328 has a similar luminosity, but again, 
a steep decay from the onset implies that it becomes much less 
luminous at later times. The afterglow of GRB 090902B has a 
flatter slope and the very late break causes it to be one of the 
most luminous afterglows known at late times. 

Observationally, however, the four optical afterglows of the 
long Fermi/LAT bursts are exceptionally bright. The histogram 
of observed magnitudes from the sample in Fig. [T2] is shown 
in Fig. [14] at a common time of 2 days after the trigger in the 
observers frame. At this time, all four bursts are brighter than 
the mean brightness {Rc = 22.2) of the Swift-eia comparison 
sample. Furthermore, the sample is not complete, comprising 50 
out of a total of 370 bursts with X-ray afterglows as a rough 
indicator for observability between the launch of Swift and May 
2009. Accounting for the observational bias, and assuming in 
the extreme case that the comparison sample is complete at the 
bright end of the distribution, then all four LAT afterglows would 
lie in the brightest 5%, with GRB 090328 being the brightest (top 
2%, i.e. 8th brightest of Swift-eia or 16th of all afterglows). 

In comparison to the afterglows of other short GRBs (grey 
lines), it can be seen that the afterglow of GRB 0905 10 is among 
the most luminous (in agreement with its extreme prompt en- 
ergy release, Abdo et al. 2009a, and the correlati on between 
prornpt energy release and a fterglow luminosity, iKann et aP 
I2008t iNvsewander et al.ll2009t iGehrels et al.ll2008l) . at least at 
early times. After just a few hours, it goes over into a steep, prob- 
ably post-jet break decay, and at one day, its luminosity is com- 
parable to the few other short GRB afterglows detected at this 
time. The upper limit derived from the second GROND epoch is 
not restrictive. 

The host galaxy extinction found in all three long GRB af- 
terglows lies within the range of Ay =s 0.2 which is typical for 
bright optical/NIR afterglows dKann et al ] l2009ah . with no ex- 
tinction detected in flie case of GRB 0809 16C (IGreiner et alj 
I2009ah . 

The intrinsic spectral slopes ySopt are also diverse, with that 
of GRB 090328 being a typical value for an afterglow with a 
cooling break redwards of the optical/NIR regime, while the 
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obtained optical/NIR data for GRBs 090323 and 090902B very 
probably probe the spectral region of Vm < Vopt < Vc . 



5.4. Bumps in the afterglow light curves 

Variability superimposed on to a power-law decay as seen in 
GRBs 090323 and 090328 (Figs.|5]and|7ll is freque ntly observed 
in we ll sampled optical afterglow light curves (e.g.jLaz zati et alj 
2002HGre iner et al. 2003; Lipkin et al. 2004; Updike et al j2008 



Perlevet all 12008: Kru hler et al.ll2009 b). Given the low ampli- 
tude, smooth structure, time, and roughly equal color to the 
power-law component, the observed variability in the light curve 
of GRB 090323 is most likely related to a process intrinsic to 
the generic forward shock or the circumburst medium, and not 
to late inner engine activity. The most commonly inferred mech- 
anism for producing variability as observed in the optical after- 
glow of GRB 090323 is add itional energy injected i nto the af- 
terglow via refreshed shocks (iRees & Meszaroslll998h . although 
an internal origin, i.e. an optical flare related to late central en- 
gine activity can not be ruled out. In GRB 090328 there is minor 
evidence for a slightly redder spectra in the bump component 
peaking at ~350 ks post burst, which would support a different 
origin of the observed variability than forward shock emission. 
Given the uncertainties in the measurement however, the spectral 
index is consistent with the afterglow slope at the 2cr level. 

Various models are emerging which explain delayed GeV 
with respect to the keV - MeV emission i n Fermi bursts, 
among others an external shock model (e.g. iGhisellini et alj 
| 2009i Kunia r & Barniol Duran 2009b ) or a hadronic model 
1^ 



feazzaque et al. 2009). Razzaqu e et alj ( l2009l) demonstrate that 
synchrotron radiation from cosmic -ray protons accelerated in a 
GRB, delayed by the proton synchrotron cooling timescale in a 
jet of magnetically-dominated shocked plasma moving at highly 
relativistic speeds, explains the delayed GeV emission as ob- 
served in many ferwi/LAT bursts. A second generation prompt 
electron synchrotron component from attenuated proton syn- 
chrotron radiation makes enhanced soft X-ray to MeV gamma- 
ray emission, which is, however, too weak to be detected. In this 
scenario the implicit assumption is made that the outflow im- 
pacts either a previously ejected shell or a pre-existing uniform 
density medium with an extent of r ~ 6 x 10"'(r/1000)^(5r/10,s) 
cm. For a 3 second delay in GRB 090323/28 this corresponds 
to a light travel time of 8-10 days, surprisingly similar to the 
timing of the bump in the optical/NIR light curve as observed 
with GROND. It is conceivable that the delayed GeV emis- 
sion and the late, likely achromatic bumps in the afterglow light 
curve of GRBs could be related. One possible scenario would be 
Compton scattering of this proton synchrotron emission at the 
shell material, thus creating an achromatic bump with a power- 
law of photon index -2 (or even steeper) depending on the ef- 
ficiency of the scattering. We note however, that density en- 
hancements in the circumburst medium alone can not account 
for significant rebrightnings or s trong bunips o bserved in opti- 
cal afterglow light curves (Naka r & Granotil2007 ). To reproduce 
the observed variability in optical afterglow light curves, a sec- 
ond process is required, possibly the variation of the microphys- 
ical shock parame ters along the shock condition as suggested by 
iKongetalJ (120101) . 



6. Conclusion 

We have presented the multi-colour afterglow observations of 
four bursts with high energy emission including three long and 



one short burst. In addition, we present spectroscopic observa- 
tions and redshift determinations of two of these bursts. It is now 
possible for the first time to combine the high energy informa- 
tion from the prompt emission with the afterglow, host galaxy 
and redshifts of these sources. Follow-up of GRBs detected by 
Fermi with the seven band imager, GROND, allows simultane- 
ous determination of the temporal, a, and spectral, /Jopt, indices 
of the burst afterglows. The long bursts exhibit power-law decay 
indices (a) from less than 1 to ~2.3 and spectral indices (/?opt) 
from 0.65 to ~1.2 which are fairly standard for GRB afterglows. 
Moreover, an estimation of the jet break time is vital to deter- 
mine the broadband properties and energetics of these events. 
The redshifts of the long bursts span the range from 0.7354 to 
3.57 and the beaming corrected energies differ by a factor of at 
least -30 with a value of Ey > 2.2 x 10^^ erg for GRB 090902B 
and are not compatible with a standard candle. Interestingly, the 
higher redshift bursts detected by the LAT are very luminous in 
the keV-MeV region of the prompt spectrum, have high ZSy iso 
and Ey and also exceptionally bright afterglows. The lower red- 
shift GRB 090328 is the exception in this respect, with a more 
standard fiy iso as compared to Swift GRBs. The host galaxies of 
GRB 090328 and GRB 090510 fit well within the distributions 
of the long and short burst host galaxies respectively. Future pho- 
tometric and spectroscopic follow-up of these rare Fermi bursts 
with high-energy emission is crucial to further investigate the 
energetics and host galaxies of a larger sample. 
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